nature neurOSCIenCe a r t I C l e S A convergence of histological 1,2 and imaging 3,4 studies has implicated the entorhinal cortex as a primary site of dysfunction in Alzheimer's disease. At a molecular level, Alzheimer's disease is characterized by changes in the tau protein and an accumulation of cleaved products of APP. Studies have shown that dysfunction in the entorhinal cortex is associated with both tau and amyloid abnormalities [5] [6] [7] . A parallel series of studies have shown that the entorhinal cortex consists of two very distinct subdivisions, the MEC and LEC. Each division houses a population of neurons distinct in their circuit connections within the medial temporal lobe (MTL), in their cognitive roles, in their morphological features and in their physiological properties [8] [9] [10] [11] . Accordingly, guided by the general principle of regional vulnerability, we hypothesized that Alzheimer's disease differentially targets one subdivision over the other.
a r t I C l e S
A convergence of histological 1,2 and imaging 3, 4 studies has implicated the entorhinal cortex as a primary site of dysfunction in Alzheimer's disease. At a molecular level, Alzheimer's disease is characterized by changes in the tau protein and an accumulation of cleaved products of APP. Studies have shown that dysfunction in the entorhinal cortex is associated with both tau and amyloid abnormalities [5] [6] [7] . A parallel series of studies have shown that the entorhinal cortex consists of two very distinct subdivisions, the MEC and LEC. Each division houses a population of neurons distinct in their circuit connections within the medial temporal lobe (MTL), in their cognitive roles, in their morphological features and in their physiological properties [8] [9] [10] [11] . Accordingly, guided by the general principle of regional vulnerability, we hypothesized that Alzheimer's disease differentially targets one subdivision over the other.
Alzheimer's disease is a chronically progressive disorder that causes synaptic and metabolic dysfunction before cell death 12 and that begins in a 'preclinical' stage before progressing to mild cognitive impairment and, ultimately, dementia 13 . To test the hypothesis of differential dysfunction in the entorhinal cortex, it is important to use a highresolution functional imaging variant that can reliably visualize the LEC and MEC and to apply this tool in the earliest preclinical stages of Alzheimer's disease.
Of functional imaging techniques sensitive to metabolism, cerebral blood volume (CBV) generated with an exogenous contrast agent and mapped with MRI 14 has the highest spatial resolution. As a functional imaging measure, CBV has proven to be tightly coupled to regional metabolism in healthy and diseased brains 15, 16 , including in Alzheimer's disease 17 . Advantageous for visualizing small regions of the human brain, the high resolution of CBV-fMRI is particularly useful in cross-species imaging studies, where the goal is to compare dysfunction in patients and animal models using the same imaging readout. Indeed, previous studies have used CBV-fMRI in patients and animal models to localize metabolic dysfunction in Alzheimer's disease 4 and cognitive aging 4, 18 . Those studies, however, relied on manual labeling of regions of interest (ROIs). Thus, although CBVfMRI has sufficient spatial resolution to dissociate the MEC from the LEC in principle, manual labeling cannot distinguish these divisions without reliable anatomical landmarks. To overcome this limitation, we recently incorporated and optimized newly developed processing techniques that allow for automated ROI and voxel-based analysis of CBV images in humans and mouse models. In our first series of human studies, we applied these tools to analyze CBV maps of patients with preclinical Alzheimer's disease, finding that dysfunction localizes to the LEC and is linked to dysfunction in other cortical regions, such as the precuneus in the parietal lobe.
Although studies have suggested that entorhinal cortex dysfunction in Alzheimer's disease is associated with both tau and amyloid abnormalities, it is unknown how these abnormalities interact in driving dysfunction, particularly during preclinical stages. We addressed this and other questions in mice. Using the neuropsin promoter system a r t I C l e S to preferentially express disease-causing mutations in tau or APP in the entorhinal cortex (similar to published mice [19] [20] [21] ), we crossed these mice to generate a mouse model that expresses both human tau (MAPT) and APP (APP) mutations in the entorhinal cortex. Although there was some expression of human tau and APP outside of the entorhinal cortex as a result of leaky expression of the responder transgenes, the system allowed for a very high level of expression in the entorhinal cortex relative to other regions. We imaged over 200 mice in two age groups and found that the LEC was particularly sensitive to tau and amyloid expression, that the accumulation of APP products acted to potentiate and accelerate tau toxicity, and that dysfunction in the LEC could spread to the parietal cortex.
RESULTS

Entorhinal cortex dysfunction and its cortical links
We used CBV-fMRI to image 96 adults who were free of dementia or mild cognitive impairment at baseline and who were prospectively followed for an average of 3.5 years. At follow-up, 12 individuals were found to have progressed to mild Alzheimer's disease dementia and were assigned the diagnosis of preclinical Alzheimer's disease at baseline. The 84 individuals who remained free of dementia or mild cognitive impairment were used as a control group for comparison ( Table 1) . A small, but significant, difference in age was found in the preclinical group (mean age of 82 years for the preclinical group and 78 years for the control group; t = 5.4, P = 0.02), but there was no difference in sex distribution.
As previously described 4 , we used gadolinium-enhanced T1-weighted scans (acquired perpendicular to the hippocampal long axis; in-plane resolution = 0.78 × 0.78 mm, slice thickness = 3 mm) to derive steady-state CBV maps. To perform automated whole-brain ROI analysis, we first determined whether FreeSurfer technology could successfully segment individual CBV maps (Fig. 1a) . As no laterality was hypothesized, we averaged left and right regions to reduce multiple testing. An ANOVA was used to compare regional CBV between the preclinical Alzheimer's disease and control groups, with age included as a covariate. Analysis was performed in two steps. First, we focused on regions in the MTL. Compared with the control group, the preclinical group had significant CBV reductions in the entorhinal cortex (F 1,95 = 4.6, P = 0.03) and parahippocampal gyrus (F 1,95 = 4.7, P = 0.03) (Fig. 1b) , but not in the hippocampus proper (F 1,95 = 1.9, P = 0.2). Second, we included other brain regions, finding significant CBV reductions in the lingual cortex (F 1,95 = 4.9, P = 0.03), the frontal pole (F 1,95 = 4.6, P = 0.04) and the anterior cingulate (F 1,95 = 6.5, P = 0.01), and trends in the precuneus (F 1,95 = 3.7, P = 0.059) and cuneus (F 1,95 = 3.9, P = 0.052). Finally, we carried out a correlation analysis in the preclinical group between CBV values in the entorhinal cortex and other identified hypometabolic regions. After correcting for multiple testing, a significant correlation was observed only with the parahippocampal gyrus (Pearson correlation = 0.83, P = 0.002) and precuneus (Pearson correlation = 0.75, P = 0.005), suggesting a selective link between the entorhinal cortex dysfunction and dysfunction in these interconnected cortical regions (Fig. 1c) .
LEC versus MEC dysfunction
The entorhinal cortex ROI did not distinguish the MEC from the LEC, whereas the parahippocampal gyrus ROI did distinguish the parahippocampal cortex from the perirhinal cortex (PRC), which are important divisions of the MTL organized into functionally distinct circuits 11 . To pinpoint the precise sites of dysfunction, we co-registered CBV maps using an asymmetric diffeomorphic approach 22 and performed a voxel-based analysis in the temporal lobes. A factorial analysis was carried out, including age and sex as covariates, and we found that, compared with the controls, the preclinical group had reduced CBV specifically in the LEC, the transentorhinal cortex and the PRC (Fig. 2a,b) .
Delayed retention is a cognitive operation that has been associated with the entorhinal cortex 23 and is sensitive to the earliest stages of disease 24 . We therefore performed a regression analysis between MTL CBV and performance on a delayed retention task 23 , covarying for age and sex. A selective correlation was found in the LEC (Fig. 2c) .
Drivers of LEC dysfunction and its cortical spread
Using the neuropsin promoter system 25 , we generated three colonies of mice that expressed a pathological human tau transgene (Opn5-tTA; tTA-MAPT, or EC-Tau), a pathological human APP transgene (Opn5-tTA; tTA-APP, or EC-APP), or both APP and tau transgenes (Opn5-tTA; npg a r t I C l e S tTA-APP; tTA-MAPT, EC-APP/Tau). Across all colonies, a total of 127 mice were generated that were younger than 6 months of age, and all of them were imaged with CBV-fMRI as previously described 26 . Voxelbased analyses were performed in each colony to map patterns of dysfunction. We found that, in the EC-APP and EC-Tau colonies, there were no detectable CBV differences between the non-expressing genotypes and their wild-type littermates. For subsequent analyses, we used these non-expressing genotypes and wild-type littermates as controls.
A three-dimensional volume of the mouse brain was rendered (3DSlicer software package) using a postmortem anatomical template 27 to determine the location of MTL regions (Fig. 3a) . Voxelbased analysis of the fMRI data revealed that, in the EC-Tau colony, mice expressing tau (N = 11, mean age = 3.6 months) showed no detectable CBV effects compared with their controls (N = 15, mean age = 4.2 months) (Fig. 3b) . In the EC-APP colony, mice expressing APP (N = 23, mean age = 3.4 months) showed CBV reductions in the MEC and CA1 compared with their controls (N = 33, mean age = 3.6 months) (Fig. 3b) . In the EC-APP/Tau colony, mice expressing both APP and tau (N = 22, mean age = 3.2) showed CBV reductions in the LEC compared with mice in the colony expressing just APP or tau, or other controls (N = 23, mean age = 3.3 months) (Fig. 3b,c) .
In the mice co-expressing APP and tau, CBV reductions were also found in the PRC, transentorhinal cortex and the posterior parietal cortex (PPC) (Fig. 3d) . As we observed in rendered three-dimensional volumes of the mouse and human brains, the CBV reductions in the mouse PRC and PPC were regions that are homologous to the humans found linked to the entorhinal cortex dysfunction (Fig. 4) , with the notable difference that the dominant effects in the mice were observed in the left hemisphere.
APP potentiates tau toxicity in the LEC
To test for age-dependent changes, we imaged an additional 103 mice older than 6 months of age (6-12 months of age) and mapped age-by-genotype interactions in each colony. In the EC-Tau colony, older mice expressing tau (N = 9, mean age = 8.8 months) showed an age-dependent CBV worsening in the LEC compared with their controls (N = 24, mean age = 8.8 months) (Fig. 5a ). In the EC-APP a r t I C l e S colony, older mice expressing APP (N = 18, mean age = 7.4 months) showed an age-dependent CBV worsening in the MEC compared with their controls (N = 21, mean age = 7.2 months) ( Fig. 5a ). In the EC-APP/Tau colony, older mice co-expressing APP and tau (N = 11, mean age = 12.1 months) showed an age-dependent CBV worsening in the LEC, PRC and PPC compared with mice expressing APP or tau alone (N = 20, mean age = 11.6 months) (Fig. 5b) . These results suggest that tau alone, but not APP alone, can ultimately cause LEC dysfunction, and that APP expression acts to accelerate and potentiate tau toxicity in driving LEC dysfunction and the observed spread to the PRC and PPC (Fig. 5a,b ).
Histological markers of tau and APP expression
We carried out a detailed histological analysis in both the younger mice (mean age = 4 months; EC-APP/Tau, n = 11; EC-APP, n = 10; EC-Tau, n = 6) and older mice (mean age = 12 months; EC-APP/Tau, n = 7; EC-APP, n = 5; EC-Tau, n = 5). We used the 6E10 antibody to map human APP and the processed fragments β-CTF and Aβ (hereafter referred to as APP/Aβ), CP27 to map human tau, and an MC1 antibody to map human tau in an abnormal conformation that is seen in the brains of individuals with Alzheimer's disease 28 . In younger mice, human APP/Aβ was observed throughout the entorhinal cortex of EC-APP and EC-APP/Tau mice; however, consistent with the expression pattern of Opn5-tTA 25 , a higher level of APP/Aβ was observed in the MEC versus the LEC (Fig. 6a) . As previously reported 21 , a few Aβ plaques were seen in the MEC and APP/Aβ staining was also detected in the hippocampus proper. No differences in APP/Aβ accumulation were observed between the EC-APP and EC-APP/Tau mice. As with APP, a similar pattern of entorhinal cortex expression was observed for human tau in younger EC-Tau and EC-APP/Tau mice. As detected by CP27, human tau was observed throughout the entorhinal cortex, but was most abundant in the MEC (Fig. 6a) . A similar pattern was observed for abnormal tau, as detected with the MC1 antibody (Fig. 6a) . As previously reported 19 , tau staining was also detected in regions of the hippocampus proper that project from the entorhinal cortex. In older mice, APP/Aβ and amyloid deposits were detected throughout the entorhinal cortex in both EC-APP and EC-APP/Tau mice (Fig. 6b) . No APP-related differences were observed between the EC-APP and EC-APP/Tau mice. Distinct abnormalities were detected, however, in the older EC-APP/Tau mice when tau was mapped and characterized. Compared with younger EC-APP/Tau mice or older EC-Tau mice, older EC-APP/Tau mice showed more intense somatodendritic MC1 staining in many entorhinal cortex neurons (Fig. 6b) . There appeared to be less neuropil staining, which indicates a relocalization of tau from axons into the somatodendritic compartments (Fig. 6c) . A similar staining pattern for tau was also detected by CP27, an antibody that specifically detects human tau independent of conformation and phosphorylation status (Fig. 6b) . Compared with the older EC-Tau mice, a semiquantitative analysis revealed a reliable increase in MC1-positive neuronal cell bodies in the entorhinal cortex in the older EC-APP/Tau mice, mainly in the MEC (Fig. 6c) . To further characterize this effect, we performed additional staining using the AT8 antibody, which recognizes tau phosphorylated at S202/T205 (both human and murine). Compared with older EC-Tau mice, older EC-APP/Tau mice showed more intense somatodendritic AT8 immunoreactivity (Fig. 6c) .
Examining the parietal lobe revealed amyloid deposits, including in the PPC, in both older EC-APP and EC-APP/Tau mice (Fig. 6d) . As in the younger mice, no clear APP-related differences were observed between the EC-APP and EC-APP/Tau mice. In the parietal lobe, we did not detect clear evidence of somatodendritic MC1 staining (Fig. 6d) in either the EC-Tau or EC-APP/Tau mice, or enhanced somatodendritic staining of AT8 in EC-APP/Tau versus EC-Tau mice (Fig. 6d) . Although there was no evidence for somatodendritic staining, MC1-positive dystrophic neurites were detected in the parietal lobe of some of the EC-APP/Tau mice, which colocalized with amyloid deposits (data not shown). The source of this human tau is unknown and it could represent human tau originating in entorhinal cortex neurons or a low level of human tau expressed in the cortex of rTg4510 mice as a result of a slight leakiness of the responder transgene.
Evidence that high metabolism tracks regional vulnerability As noted in the mouse studies, the left LEC was affected more than the right. To identify factors that might account for this regional pattern of vulnerability, we examined the mice for molecular or imaging factors that anatomically localized to the left versus the right entorhinal cortex. By examining histological markers, we excluded the possibility that there was overtly higher APP or tau expression in the left versus right a b In considering other reasons for the regionally selective effects, we were intrigued by a previous postmortem study that suggested that the LEC might have very high basal metabolism [29] [30] [31] . Accordingly, we generated ROIs of LEC and MEC and applied them to 52 control mice from the neuropsin data set a r t I C l e S (Fig. 7a) . We performed a repeated-measures ANOVA, including two within-subject factors, entorhinal cortex region (MEC versus LEC) and laterality (left versus right), and found a significant region-bylaterality interaction (F 1,51 = 8.376, P = 0.006; Fig. 7b ) and significant main effects of region (F 1,51 = 678.959, P < 0.001) and laterality (F 1,51 = 9.148, P = 0.004). Simple comparisons revealed that the interaction and main effect of laterality were driven by the left LEC having the highest CBV among regions (univariate ANOVA: F 1,52 = 164.114, P < 0.001), particularly compared against the right LEC (paired t 51 = 3.067, P = 0.003) (Fig. 7c) . This observation, suggesting higher metabolism in the left LEC of young wild-type mice, anatomically corresponded to the pattern of dysfunction observed in transgenic mice, Higher basal metabolism in unaffected individuals might confer vulnerability. If so, and based on the pattern of entorhinal cortex vulnerability observed in humans, we hypothesized that the LEC should have higher CBV in healthy humans. Because of the difficulty in excluding incipient disease in even cognitively normal older subjects, we imaged an additional 35 young healthy humans subjects (mean age = 29 years) and measured CBV from ROIs of the LEC and MEC (Fig. 7a) . A repeated-measures ANOVA was performed, including two within-factor factors, region (MEC versus LEC) and laterality (left versus right). We did not detect a laterality effect, but, as hypothesized and similar to young wild-type mice, we found significantly higher CBV in the LEC than in the MEC (F 1,34 = 1,056.155, P < 0.001); in fact, the LEC CBV was higher than that of the other cortical regions examined (Fig. 7c) .
DICUSSION
We began with observations in patients with preclinical Alzheimer's disease and then turned to mouse models to clarify human findings in an experimental setting. Although the protocol for acquiring CBV images was identical to that used in our previous studies, we introduced a number of new processing techniques with which the imaging data was analyzed. We found that FreeSurfer technology can be applied directly to CBV images to generate automated whole-brain ROIs, bypassing the need to interpolate functional-to-structural images and thereby preserving anatomical fidelity. Our ROI analysis revealed that, in the MTL, entorhinal cortex and parahippocampal gyrus were affected in preclinical Alzheimer's disease, and the hippocampus proper was relatively preserved. In addition, entorhinal cortex dysfunction was linked to dysfunction in the parahippocampal gyrus and the precuneus cortex in the parietal lobe.
Although the whole-brain analysis identified dysfunction in the entorhinal cortex, the ROI encompassed the entire entorhinal cortex containing both the LEC and MEC. A voxel-based analysis was required to answer a key question motivating our study. Refining the ROI-based findings, the voxel-based analysis revealed that, in the entorhinal cortex, it was the LEC that was primarily affected in preclinical Alzheimer's disease. More broadly, we found that the transentorhinal cortex and PRC were also affected (Fig. 2a,b) . Further confirming the ROI analysis, other subregions of the hippocampal circuit were unaffected in preclinical disease.
There has been a growing interest in understanding the distinct cognitive roles of the entorhinal cortex divisions, and our voxel-based analysis revealed that performance on delayed retention of hippocampaldependent tasks correlates selectively with LEC CBV (Fig. 2c) . Previous human fMRI studies have shown that the entorhinal cortex is involved in retaining hippocampal-dependent memories over brief delays 23, 32, 33 , although these studies could not dissociate the MEC from the LEC. Recording studies in non-human primate and rodent 10, 34, 35 have shown that it is specifically neurons in the LEC that have distinct electrophysiological properties that support a role in delayed retention. Our high-resolution fMRI results confirmed this LEC-selective role in human subjects. As delayed retention is affected in preclinical Alzheimer's disease decades before the onset of dementia 24 and is relatively unaffected by aging 36, 37 , our results identify an anatomical locus for the cognitive phenotype of early disease. The MEC and LEC are each parts of different pathways in the MTL. Whereas the MEC interconnects with the parahippocampal cortex to form the posterior pathway, the LEC interconnects with the PRC to form the anterior pathway 11 . By selectively implicating the LEC and perirhinal cortex, our results suggest that the anterior pathway is differentially vulnerable to the early stages of disease.
We generated three colonies of genetically engineered mice to clarify our observations in human patients. The first two expressed either abnormal tau or APP predominately in the entorhinal cortex. However, as the entorhinal cortex in Alzheimer's disease is associated with both tau-and APP-related abnormalities 5-7 , we developed a third mouse model that expresses both abnormal tau and APP in the entorhinal cortex. We found that the LEC in young mice was affected only when tau and APP were co-expressed ( Fig. 3b-d) . Because the neuropsin promoter expresses genes preferentially in the MEC over the LEC, the observed dysfunction in the LEC was not driven simply by a dose effect of two genes. Rather, our results suggest that this division of the entorhinal cortex is particularly sensitive to the molecular sequelae of tau and APP expression.
To gain a mechanistic understanding of how tau and APP expression interact in driving LEC dysfunction, we imaged mice at older ages. In addition to observing an age-dependent worsening of LEC dysfunction in the mice expressing both tau and APP, we found that the LEC became affected in older mice expressing tau alone, but not in older mice expressing APP alone. Consistent with previous studies 38 , it appears that, at older ages and with sufficient levels of pathology, tau alone can ultimately affect the LEC. Even at later time points, however, the coexpression of tau and APP caused worsening LEC dysfunction compared with tau alone. We can conclude that APP expression acts to potentiate and accelerate tau toxicity in driving LEC dysfunction.
Mice expressing both tau and APP were found to have dysfunction in areas in which transgene expression was not expected, the PRC and PPC, and dysfunction in these regions worsened with age. These regions are similar to the cortical regions that we found to be linked to entorhinal cortex dysfunction in humans, supporting the interpretation that the LEC is an anatomical source from which disease can then spread. Previous studies have documented that the entorhinal cortex can act as an anatomical source for Alzheimer's disease-related spread via two mechanisms. The first is 'functional' spread and was best demonstrated in a study that administered selective lesions to the entorhinal cortex and PRC of nonhuman primates 39 . Using functional imaging, these selective lesions were found to cause hypometabolism in distal cortical sites, including regions in the posterior parietal lobe 39 . A disconnection mechanism has been proposed to account for functional spread in which primary dysfunction in the entorhinal cortex results in secondary dysfunction in regions connected to the entorhinal cortex. The second mechanism is trans-synaptic spread, which was shown by expressing either APP or tau in the entorhinal cortex of mice, and observing changes in distal sites connected to the entorhinal cortex [19] [20] [21] . We did not observe clear evidence of worsening histological changes in distal regions of the mice expressing tau and APP; thus, our results are more consistent with the idea of functional spread. However, given that histological changes might elude detection, we cannot rule out the possibility of trans-synaptic spread. Indeed, plaques and dystrophic neurites were detected in the npg a r t I C l e S parietal lobe of older EC-APP/Tau mice, but there was no difference in general to EC-APP littermates. In either scenario of cortical spread, PPC hypometabolism is reliably observed in Alzheimer's disease, so much so that when observed with functional imaging it is often considered diagnostic. Our results suggest that, during early stages of disease, PPC hypometabolism can reflect primary pathology in the LEC.
Our histological analysis replicated previous transgenic studies 27 showing that pathological APP expression acts to accelerate taurelated histological changes, a relationship similar to that observed for image-detected dysfunction. As we observed in the entorhinal cortex, the anatomical distribution of histological markers used to map human APP and its fragments or tau did not simply overlap with the anatomical pattern of imaging-detected dysfunction. This observation is reminiscent of human imaging studies showing imperfect concordance between the anatomical distribution of amyloid plaques and regional hypometabolism 40 . Our results highlight the ongoing debate over which precise molecular 'species' derived from tau or APP (that is, which fragment, conformation or oligomer) acts as the dominant neurotoxin. Resolving this issue is beyond the scope of the current study, but our results suggest that some fragment of APP acts to potentiate a toxic species of tau.
In young unaffected mice and human subjects, we found evidence for high metabolism in the LEC that tracked the anatomical pattern of vulnerability. Postmortem studies have documented clusters of extremely high metabolism in superficial layers of the entorhinal cortex 29, 30 and our fMRI results confirm one observation that would predict that the highest metabolism would be present in the LEC 41 . Basal metabolism typically reflects the activity and morphological organization of a region's dendritic arbor, which is unique in the LEC 8 , and can influence the processing or sensitivity to tau and APP processing. Not only does activity affect the manner in which APP is processed in dendrites 42 , but tau itself has been found to be important for dendritic function 43 and structure 44 . Early on and throughout life, an unusual accumulation of tau is observed in the dendrites and soma of the LEC 1 , yet, consistent with our mouse studies, there is no evidence that an early accumulation of dendritic tau in the LEC is neurotoxic. It is possible that the accumulation of somatodendritic tau relates to the LEC's distinct dendritic characteristics and needs, but it is notable that dendritic tau has been shown to mediate APP-related neurotoxicity 43 . Informed by our imaging findings, we propose that the unique dendritic arbor in superficial layers of the LEC renders it vulnerable, and when an accelerated accumulation of APP fragments occurs with disease onset, the LEC is affected first and foremost and dysfunction can then spread cortically.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. The microarray data were submitted to the Gene Expression Omnibus database with series accession number GSE49311. 
ONLINE METHODS
Human subjects. Participants for the primary human study were identified from a community-based fMRI study of individuals 65 years and older 45 , who received a detailed neuropsychological and neurological evaluation 46 and who were free of Alzheimer's disease dementia 47 , mild Alzheimer's disease 48 or mild cognitive impairment indicative of the pre-dementia stage of the disease in this population 49 . Table 1 summarizes baseline and changes in cognition for the group that progressed to dementia at follow-up (progressors) and those who did not progress (non-progressors) in the following domains: memory was evaluated using the Selective Reminding Test, language was evaluated using the summary Benton Naming Test, visuospatial ability was evaluated using the Rosen Drawing Task, and abstract reasoning was evaluated using the Wechsler Adult Intelligence Scale-Revised similarities. An ANOVA was used to compare between group differences in baseline scores or change scores, covarying for age and sex.
Transgenic mice. Two tTA inducible responder mouse lines expressing either mutant human APP or tau transgenes were crossed with the neuropsin-tTA line to generate three colonies of entorhinal cortex predominant expressing mice. The inducible tau line (rTg4510) expressing human, four-repeat tau with the P301L mutation (4R0N tauP301L) 50 was used to generate the EC-Tau colony. The inducible APP line encodes a mutant, chimeric mo/huAPP695 (swe/ind KM670, 671NL and V717F) transgene 51 and was used to generate the EC-APP colony. The EC-APP/Tau colony was generated by crossing the two mouse lines, the EC-APP and EC-Tau mice, and the resulting line was hemizygous at each locus.
Image acquisition. As previously described 52 , for the primary human study, images were acquired with a 1.5-T Philips Intera scanner, generating T1-weighted images (time to repeat, 20 ms; time to echo, 6 ms; flip angle, 25 degrees; in plane resolution, 0.78 mm × 0.78 mm; slice thickness, 3 mm) acquired perpendicular to the long axis of the hippocampus before and 4 min after intravenous administration of the contrast agent gadolinium (0.1 mmol kg −1 ). For the secondary study in young subjects, T1-weighted images (repetition time, 20 ms; echo time, 6 ms; flip angle, 25 degrees; in plane resolution, 0.68 mm; slice thickness, 3 mm) were acquired at 3 T using a Philips Integra 3T magnet.
In mice, images were acquired with a Bruker AVANCE 400WB spectrometer outfitted with an 89-mm bore, 9.4-T vertical Bruker magnet (Oxford Instruments), a 30-mm inner-diameter birdcage radio frequency coil, and a shielded gradient system (100 G cm −1 ) before and 37.5 min after intraperitoneal injections of the contrast agent gadolinium 52 (10 mmol kg −1 ). Mice were anesthetized using a gaseous mixture of 30% O 2 , 70% N 2 and isoflurane (3% volume for induction, 1.1-1.5% for maintenance at 1 l min −1 air flow, via a nose cone). T2-weighted images were acquired with a fast-spin echo acquisition (time to repeat, 2,000 ms; time to echo, 70 ms; rapid acquisition and relaxation enhancement factor, 16; in plane resolution, 86 µm; slice thickness, 500 µm). generating cBV maps. For human scans, pre-contrast images were subtracted from post-contrast images to generate a raw subtracted volume. Intra-subject and intra-modal co-registrations used a symmetric rigid body alignment incorporating a robust statistics measure 53 . Raw image values were normalized to the mean signal intensity of the subject's superior sagittal sinus. The superior sagittal sinus was isolated in each post-contrast image using a modified Frangi vesselness 54 filter and pre-defined ROI. This filter uses three-dimensional eigenvalues of the Hessian of the image to calculate global shape parameters of the superior sagittal sinus ROI, including, but not limited to, its anisotropic features. The isolated image was then eroded using a standard kernel to ensure the ROI sits entirely in the sinus cavity. The mask was applied to the subtracted image, and the measure of absolute blood was calculated as the mean of that image. To rule out the effects of large vessels, two methods of vessel filtering were used: fitting a bimodal Gaussian to the histogram of data and performing an expectation-maximization segmentation. The union of the aforementioned methods was used to make a binary mask, which was then applied to the generated CBV image. As previously described 4, 52 , CBV was mapped according to changes in the transverse relaxation time (∆R 2 ) induced by gadolinium injection. CBV was derived by normalizing ∆R 2 to the mean ∆R 2 signal present in the internal jugular vein, as delineated by a blinded rater.
RoI analysis. Human scans were first processed through the FreeSurfer 5.1 pipeline to semi-automatically segment cortical and subcortical features of the whole brain 55 . Briefly, the pre-contrast T1-weighted image, acquired for CBV mapping, was intensity-normalized and bias-field corrected, and was then skull-stripped and used to construct a smoothed surface-based tessellation of cortical surface. Each subject's surface was mapped to a spherical atlas and assigned a cortical surface label based on its surface curvature profile. In addition, a Euclidian mapping framework was used to align and segment subcortical features.
Voxel-based analysis. Voxel-based analyses in humans were performed separately on the left and right temporal lobes by combining the following FreeSurfer generated segmentations: superior temporal gyrus, middle temporal gyrus, inferior temporal gyrus, temporal pole, fusiform gyrus, entorhinal cortex, amygdala, inferior horn of the lateral ventricle, hippocampus, inferior horn choroid plexus, transverse temporal gyrus, parahippocampal gyrus, the isthmus and cingulate gyri, lingual gyrus, as well as an unknown label. These were then further delimited to a 'temporal lobe proper' using the superior temporal gyrus, parahippocampal cortex, transverse temporal gyrus, fusiform gyrus and inferior temporal gyrus as boundaries. In mice, images were bias-field corrected 56 and manually skull stripped to yield whole-brain volumes.
For both humans and mice, image processing was conducted using custom bash and Matlab scripts. Volumes were co-registered into a group-wise template space using an inverse-inconsistent diffeomorphic co-registration algorithm, as described previously 22 . Briefly, the co-registration instantiates a stationary vector field that smoothly warps images in their native coordinate space while conserving topology. Furthermore, each iteration of the co-registration was optimized by a Jacobian weighting term that encodes local distortions generated by the warp. This method yields robust and accurate alignment of images within their native coordinate space. The co-registration consisted of three steps. Anatomical images were first aligned to a randomly selected image in their data set using a linear transformation with 12 degrees of freedom. Next, the linearly aligned images were used to determine the optimal diffeomorphic transformation necessary to warp each image in the data set to an unbiased template image. Each iteration of the pairwise diffeomorphic registration between each image and the template generated a normalized warp with an average deformation of zero, ensuring that the template image generated was not biased by relative local volume loss or expansion between groups. Finally, the linear transformation and nonlinear warps were applied to corresponding CBV maps for each subject.
CBV maps were analyzed using a general linear model implemented in SPM8 (Wellcome Department of Imaging Neuroscience). Data were modeled in a factorial framework with genotype and time point included as the betweensubjects factors, and sex as a covariate. Individual genotypes were contrasted using Student's t test, and the genotype-time interaction effect was contrasted with an F test. In humans, a general linear model was also used to regress delayedretention task score against CBV, and contrasted with Student's t test. Results were corrected for multiple comparisons using a family-wise error rate of P < 0.05, and thresholded to include only those clusters with an extent greater than 30 voxels. Thresholded t maps from individual group comparisons were then overlaid onto their respective groupwise templates in cross-section using 3DSlicer (http://www.slicer.org), and also displayed as maximum intensity projections over mesh models of the groupwise template.
lec versus mec analysis. Using the co-registration technique described above, structural images from 47 young (<6 months) control mice (C57 13, neuropsin 16, tetO-APP 13, tetO-tau 5) and 35 young human subjects (age = 23-39, mean age = 29.3 years, 18 males and 17 females) were used to generate control-only mouse and human group-wise image templates. Corresponding CBV images were then mapped into group-wise template space using the diffeomorphic vector describing the structural image transformation. Using previously established operational criteria in mice 57 and humans 58, 59 , the MEC and LEC were defined in group-wise template space (Fig. 7a) . A region (MEC/LEC) by side (left/right) interaction was explored in SPSSv21 using mean whole-ROI CBV values in group-wise template space (Fig. 7b) . In addition, a mean CBV image was computed from transformed CBV maps in mouse and human group-wise template space. This image map was thresholded above the mean intensity of the MEC and color-coded using Slicer3 (Fig. 7c) .
Histological analysis. Mouse brains were harvested after transcardial perfusion with phosphate-buffered saline (PBS) and drop-fixed in 4% paraformaldehyde npg
